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Abstract Structural, elastic, mechanical, and electronic proper-
ties of monoclinic N2H5N3 at zero and high pressure have been
investigated using the plane-wave ultrasoft pseudopotential
method within the density-functional theory (DFT). The pres-
sure dependences of structural parameters, elastic constants, me-
chanical properties, band gaps, and density of states of mono-
clinic N2H5N3 have been calculated and discussed. The obtained
results show that monoclinic N2H5N3 is unstable at pressures
exceeding the value 126.1 GPa. The ratio of B/G and the
Cauchy’s pressure indicate that monoclinic N2H5N3 behaves
in ductile nature with pressure ranging from 0 to 200 GPa.

Keywords Density-functional theory .Mechanical
properties . Pressure . Monoclinic N2H5N3

1 Introduction

N2H5N3 is of great interest due to its potential as high energy
density material (HEDM). HEDMs have been widely

investigated because of their excellent properties com-
pared with those of conventional energetic materials such
as large energy release, good thermal stability, and ex-
cellent detonation velocities [1–4]. Nitrogen-rich com-
pounds are promising HEDMs [5, 6], which attract our
attention. Among them, N2H5N3 with high nitrogen con-
tent shows potential for HEDMs because of its strong
bonds including plentiful energies between nitrogen
atoms [7]. Monoclinic N2H5N3 with P21/b space group
has N3

− and N2H5
+ ions [8], which has been studied by

first-principles density-functional theory [7]. However, its
fundamental properties under high-pressure are still lack-
ing. High-pressure is an important condition for practical
applications of HEDMs such as future fuel in advanced
propulsion systems and inertial confinement fusion re-
search [9, 10]. Moreover, there is much interest in the
potential application of explosives. As we know, the
structure and behavior of explosives under extreme con-
ditions are important to give valuable information of
their sensitivity, performance, and safety [11]. Hence, in
order to obtain a thorough knowledge of this compound
under pressure, we investigate the monoclinic N2H5N3

with pressure ranging from 0 to 200 GPa by density-
functional theory.

2 Computational Details

Our calculations were performed using the plane-wave
ultrasoft pseudopotential method as implemented in
CASTEP code [12]. The exchange-correlation interaction
is in the form of generalized gradient approximation
(GGA) with Perdew-Burke-Ernzerholf (PBE) function
[13]. Moreover, the TS scheme [14] is employed to im-
prove the accuracy of the calculations. The cutoff energy
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of the plane-wave expansion is 600 eV and the H 1 s1 and
N 2s22p3 electrons are treated as valence electrons. The
self-consistent convergence of total energy is 5.0×
10−6 eV/atom, maximum force within 0.01 eV/Å, maxi-
mum displacement within 5×10−4 Å, and maximum stress
within 0.02 GPa.

3 Results and Discussion

3.1 Structural Properties

The crystal packing of the potential explosive has an influence
on its performance and sensitivity. Hence, we firstly optimize
its structural parameters. N2H5N3 is a monoclinic structure
with the structural parameters a=5.663(2) Å, b=12.436(3)
Å, c=5.506(2) Å, and γ=114.0(1)° [8]. Our calculations result
in the following structural parameters: a=5.9846 Å, b=
12.1388 Å, c=5.5580 Å, and γ=117.921°. We find that these
parameters a, c, and γ are overestimated, but b is
underestimated. The calculated volume of a unit cell is
356.766 Å3 at 0 GPa and 0 K, which is consistent with the
experimental value [8] within 0.73 % (overestimation). The
equation of state is obtained by using the third-order Birch-
Murnaghan equation [15]:
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where E0 and V0 are associated with the values at zero pres-
sure. The optimization plot is shown in Fig. 1a. We obtain the
bulk modulus B0 (BEOS) and the pressure derivative of bulk
modulus (B') at zero pressure (B0=24.0 GPa and B

'=5.1). The
value of B0 is consistent with the datum obtained from the
elastic constants (23.9 GPa).

In Fig. 1b, we illustrate the pressure dependences of struc-
tural parameters a, b, c, and γ at zero temperature and pressure
up to 200 GPa. To the best of our knowledge, no such research
of this compound has been studied to date. However, our
structural parameters under zero pressure are in good agree-
ment with the experimental data, indicating the repeatability
and accuracy of the present methods, which can be used to

Fig. 1 a Calculated energy versus volume for N2H5N3; b pressure
dependences of structural parameters a, b, c, and γ at zero temperature
and pressure up to 200 GPa

Table 1 Calculated elastic constants Cij (GPa), bulk modulus B (GPa), shear modulus G (GPa), Young’s modulus E (GPa), B/G, Poisson’s ratio ν,
Lamé’s constants μ, and λ (GPa) of monoclinic N2H5N3 under pressure

C11 C12 C13 C15 C22 C23 C25 C33 C35 C44 C46 C55 C66 B G(μ) E B/G ν λ

0 28.4 16.6 21.6 −1.3 29.1 19.8 1.4 54.5 1.6 10.7 −0.8 11.7 8.0 23.9 9.2 24.5 2.598 0.329 17.8

10 66.0 37.3 62.7 −4.6 83.7 74.4 0.9 153.7 0.7 23.0 −0.2 36.4 26.0 62.6 24.2 64.3 2.587 0.329 46.5

20 109.6 67.3 89.8 −3.4 137.0 111.8 −0.3 240.1 −1.2 51.0 1.7 68.6 41.1 103.6 43.8 115.2 2.365 0.315 74.4

30 150.7 87.3 114.1 −7.5 184.9 134.7 −0.1 306.0 0.2 78.5 0.4 90.8 53.9 135.7 61.5 160.3 2.207 0.303 94.7

40 209.2 115.9 146.0 −5.6 233.4 167.2 −0.5 365.4 3.1 103.0 −3.0 119.5 64.6 176.1 78.3 204.6 2.249 0.306 124.0

50 254.6 142.3 160.7 −8.8 289.8 195.5 0.0 451.9 −0.1 123.4 −5.5 142.5 83.8 212.2 98.3 255.5 2.159 0.299 146.6

100 501.0 272.9 275.6 −7.9 520.4 361.7 0.0 711.0 0.3 222.8 −19.5 249.5 157.3 387.0 172.4 450.3 2.245 0.306 272.1

150 722.7 383.8 379.8 −3.6 726.0 496.0 −0.1 893.4 −0.9 314.7 −32.4 335.5 230.7 534.8 236.8 619.0 2.258 0.307 377.0

200 936.3 505.7 470.2 −0.9 887.0 672.8 −0.2 1148.0 −0.2 397.5 −50.2 399.4 313.7 689.2 290.8 764.8 2.370 0.315 495.3
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study this compound under pressure. It is easy to note that
these parameters a, b, and γ decrease with increase of the
pressure, namely the parameters a, b, and γ nonlinearly de-
crease monotonously with pressure up to 50 GPa, and linearly
decrease monotonously with pressure up to 200 GPa. How-
ever, lattice constant c increases with pressure from 0 to
20 GPa and decreases with pressure from 30 to 200 GPa.
Hence, there is a peak value of c between 20 and 30 GPa.
Moreover, it varies slowly, showing that the resistance along
the c-axis is larger than that along a-/b-axis.

3.2 Elastic and Mechanical Properties

Monoclinic structure has a low symmetry and there are 13 inde-
pendent elastic constants for this structure. The calculated elastic
constants of monoclinic N2H5N3 under pressure are presented in
Table 1, which are depicted in Fig. 2 to be clear at a glance. The
elastic constants almost change linearly when pressure increases.
Specially, except C15, C25, C35, and C46, the others increase
monotonously with increase of the pressure. Moreover, the C33

increases rapidly, indicating that it is more sensitive to pressure
than that of the others. For monoclinic structure, the mechanical
stability criteria under pressure are [16–18]:

C11−Pð Þ> 0; C22−Pð Þ> 0; C33−Pð Þ> 0; C44−Pð Þ > 0; C55−Pð Þ> 0;
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46

ð2Þ

C22 þ C33ð Þ > 2C23 þ 4Pð Þ ð3Þ

C22−Pð Þ C33−Pð Þ C55−Pð Þ−C2
35

� �þ 2 C23 þ Pð ÞC25C35

� �

> C23 þ Pð Þ2 C55−Pð Þ þ C2
25 C33−Pð Þ

h i
ð4Þ

2C15C25 C33−Pð Þ C12 þ Pð Þ− C13 þ Pð Þ C23 þ Pð Þ½ �
þ2C15C35 C22−Pð Þ C13 þ Pð Þ− C12 þ Pð Þ C23 þ Pð Þ½ �
þ2C25C35 C11−Pð Þ C23 þ Pð Þ− C12 þ Pð Þ C13 þ Pð Þ½ �
þ C55−Pð Þ C11−Pð Þ C22−Pð Þ C33−Pð Þ
þ 2 C55−Pð Þ C12 þ Pð Þ C13 þ Pð Þ C23 þ Pð Þ

8>>>><
>>>>:

9>>>>=
>>>>;

>

C2
15 C22−Pð Þ C33−Pð Þ− C23 þ Pð Þ2
h i

þC2
25 C11−Pð Þ C33−Pð Þ− C13 þ Pð Þ2
h i

þC2
35 C11−Pð Þ C22−Pð Þ− C12 þ Pð Þ2
h i

þ C55−Pð Þ C11−Pð Þ C23 þ Pð Þ2
þ C55−Pð Þ C22−Pð Þ C13 þ Pð Þ2
þ C55−Pð Þ C33−Pð Þ C12 þ Pð Þ2

8>>>>>>>>><
>>>>>>>>>:

9>>>>>>>>>=
>>>>>>>>>;

ð5Þ

According to our calculated elastic constants, we note that
these constants satisfy the stability condition (2) with pressure
up to 200 GPa. However, the stability conditions (3), (4), and
(5) are not satisfied when pressure increases up to 159.6,
154.3, and 126.1 GPa, respectively, which are shown in
Fig. 3. We can conclude that monoclinic N2H5N3 is not
mechanically stable at the pressure of 126.1 GPa.

Table 1 shows the bulk modulus, shear modulus, Young’s
modulus, B/G, Poisson’s ratio, and Lamé’s constants of mono-
clinic N2H5N3 under pressure, which are obtained by [19–21]:

BHill ¼ 1

2

1
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μHill ¼ EHill= 2 1þ νHillð Þ½ � ð10Þ

λHill ¼ νHillEHill= 1þ νHillð Þ 1−2νHillð Þ½ � ð11Þ

where the Sij is elastic compliance constants.

These values are shown in Fig. 4. We can see that bulk
modulus, shear modulus, Young’s modulus, and Lamé’s con-
stants linearly increase monotonously when pressure in-
creases, indicating that the resistances to uniaxial tension,
fracture, and plastic deformation are enhanced. Moreover,
the increase of resistance to plastic deformation is lowest
due to the most slow increase of shear modulus, the increase
of resistance to uniaxial tension is maximal due to the most
quick increase of Young’s modulus. The B/G and Poisson’s
ratio have similar variations shown in Fig. 4b. They decrease
with increase of the pressure, and reach the minimum under
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50 GPa. Then, they increase with the pressure. According to
Pugh’s supposition [22], the critical value 1.75 of B/G can be
used to separate ductile and brittle materials, namely B/G
>1.75 means that the material behaves in a ductile manner.
We can see that monoclinic N2H5N3 shows ductile behavior
with pressure ranging from 0 to 200 GPa. The ductility de-
creases with increase of the pressure, and becomes the worst
under 50 GPa, whereafter it is enhanced. The ductility of
monoclinic N2H5N3 can be further proved by the Cauchy’s
pressure (C12–C44) [23]. The positive and negative values of
the parameter C12–C44 indicate that the material exhibits duc-
tile and brittle properties, respectively. According to our data
presented in Table 1, this parameter is positive in the whole
examined range of the pressure variation, 0–200 GPa, indicat-
ing the ductility of monoclinic N2H5N3.

3.3 Electronic Properties

Figure 5 displays the band gaps of monoclinic N2H5N3 at dif-
ferent pressures. At zero pressure, an indirect band gap of
3.975 eV from the top valence band at D point to the bottom
conduction band at Γ point occurs. However, with pressure
ranging from 10 to 100 GPa, a direct band gap for monoclinic
N2H5N3 appears at Γ point. Then, an indirect band gap from D
point to Z point appears again. In Fig. 5a, it is clear that the

decreases of the indirect band gaps are observed with increase
of the pressure. For energetic materials with similar structure/
similar thermal decomposition mechanism, it is known that
they decompose and explode easily when the band gaps be-
come small due to the effortless electron transfers from valence
bands to conduction bands [24]. Hence, the impact sensitivity
of monoclinic N2H5N3 is sensitive with increase of the pres-
sure. How about the direct band gaps with the pressure? In
Fig. 5b, we can see that the direct band gaps at Z, Γ, B, D, E,
and C points decrease with the increase of the pressure. The direct
band gaps at Y and A points increase with pressure from 0 to
30 GPa, then they decrease with the increase of the pressure. In
order to get more electronic nature of monoclinic N2H5N3 un-
der pressure, a plot of total density of states is shown in Fig. 6.
When the pressure is applied, the narrowed energy gaps appear
due to the shift of the conduction band to lower energy levels.

4 Conclusions

The first-principle calculations have been performed to inves-
tigate the structural, elastic, mechanical, and electronic

Fig. 4 Mechanical properties versus pressure for monoclinic N2H5N3: a
bulkmodulus, shear modulus, Young’s modulus, and Lamé’s constants; b
B/G and Poisson’s ratio

Fig. 2 Elastic constants of monoclinic N2H5N3 under pressure

Fig. 3 Mechanical stability versus pressure for monoclinic N2H5N3

402 Braz J Phys (2015) 45:399–403



properties of monoclinic N2H5N3 under pressure. Our calculat-
ed structural parameters under zero pressure are in agreement
with the experimental values. We have obtained elastic con-
stants and mechanical properties with pressure ranging from 0
to 200 GPa. To the best of our knowledge, there is no data of
monoclinic N2H5N3 under pressure to compare. This material
is mechanically stable up to 126.1 GPa and shows ductile na-
ture. In general, the explosives may react under extreme condi-
tions, so we hope these data can help to offer a theoretical basis
for the applications of monoclinic N2H5N3.
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